Egg formation and embryonic development occur as the yolk passes through the magnum, isthmus, and shell gland of the oviduct before oviposition in hens. The present study identified candidate genes associated with secretory function of the chicken oviduct after ovulation and contributing to egg formation and oviposition. Hens (n ¼ 5 per time point) were euthanized to recover the reproductive tract when the egg was in the magnum (3 h after ovulation) and the shell gland
INTRODUCTION
The female reproductive tract in chickens is a unilateral organ with one functional ovary and one oviduct. The chicken oviduct is a complex biological organ in which hormones harmoniously orchestrate biochemical and cellular changes during egg formation and passage of the yolk between ovulation and oviposition. It is well-known as an excellent research model for organ development, morphogenesis, and hormonal responsiveness [1] . The oviduct of mature egg-laying hens includes five functionally specific regions; infundibulum (site of fertilization), magnum (production of components of eggwhite), isthmus (formation of the soft shell membrane), shell gland or uterus (formation of calcified egg shell), and vagina (oviposition or egg laying). The oviductal epithelial cells differentiate into various cell types including luminal epithelium, tubular glands lined by epithelial cells (GE), goblet cells, and ciliated cells in the magnum [2] . Of these, the GE of tubular glands synthesize and secrete large amounts of critical eggwhite proteins, such as ovalbumin, conalbumin, lysozyme, and ovomucoid [3] , and perhaps transport nutrients, such as glucose and amino acids to be incorporated into the egg white. During passage of the egg through the oviduct, several layers of the eggshell membranes surround the yolk and the white of an egg sequentially as it passes through the successive sectors of the oviduct [4] . Approximately 2 to 3 h after ovulation, the fertilized egg with secretion of egg-white proteins, including albumin from the magnum, translocates into the isthmus, which secretes various components of the soft shell membranes such as keratinlike protein and types I, V, and X collagens [5, 6] . Formation of the eggshell with most calcium deposition (approximately 5 to 6 g of calcium carbonate) is completed in the shell gland of the oviduct within 17 to 20 h after ovulation [4] .
Based on the chicken genome database (http://www.ncbi. nlm.nih.gov/projects/genome/guide/chicken/), high-throughput analyses using the chicken DNA microarray technique has provided valuable data to study genes expressed in specific tissues from chickens. For instance, two research groups recently reported differentially expressed transcripts in the shell gland of the oviducts in comparisons of poor versus superb layer strains and immature versus mature hens, respectively [7, 8] . In the present study, we examined spatial and temporal changes in transcripts of the oviducts of laying hens at different stages of the laying cycle and identified genes for which there were significant changes in expression in the magnum and shell glands of the oviducts. Furthermore, we focused on six genes about which little is known in the chicken oviduct during the cycle from ovulation to oviposition or are potentially involved in production of egg-white proteins and formation of an egg. Future studies will investigate regulation and functions of these six genes that are expressed in response to luteinizing hormone and/or sex steroids in the oviduct of laying hens during the laying cycle.
MATERIALS AND METHODS

Experimental Animals and Animal Care
The experimental use of chickens for this study was approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5). White Leghorn chickens were subjected to standard management practices at the University Animal Farm, Seoul National University, Korea. The management, reproduction, and tissue collection procedures adhered to standard operating protocols of our laboratory. All chickens were exposed to a regimen of 15 h light and 9 h dark with access ad libitum to feed and water.
Tissue Samples
Hens (n ¼ 5 per time point) in each group (3 h and 20 h after ovulation) were euthanized using 60%-70% carbon dioxide. Portions of the magnum and the shell glands of oviducts from each hen at each time point were either 1) removed and placed in OCT embedding compound (Miles, Oneonta, NY), frozen in liquid nitrogen, and stored at À808C; 2) fixed in freshly prepared 4% paraformaldehyde in PBS (pH 7.4); or 3) frozen immediately in liquid nitrogen and stored at À808C until analyzed. After 24 h, tissues fixed in 4% paraformaldehyde were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Leica Microsystems, Wetzlar, Germany). Paraffin-embedded tissues were sectioned at 5 lm.
RNA Isolation
Total cellular RNA was isolated from frozen tissues using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Microarray Analysis
Microarray analysis was performed using Affymetrix GeneChip chicken genome arrays (Affymetrix, Santa Clara, CA). Data were generated by SeouLin Bioscience Corporation (Seoul, Korea) and dChip software was used for the analysis [9, 10] . Total RNA was extracted from the magnum and shell gland from each of the five hens at each time point (3 h and 20 h postovulation) by using TRIzol (Invitrogen, Carlsbad, CA) and purified using an RNeasy mini-kit (Qiagen, Valencia, CA). All experiments were performed using three independent RNA pools from 10 hens (5 each at 3 h and at 20 h postovulation) and three microarray chips.
Quantitative RT-PCR Analysis
Total RNA was extracted from each segment of oviduct at each time point using TRIzol (Invitrogen) and purified using an RNeasy mini-kit (Qiagen). Complementary DNA was synthesized using a Superscript III First-Strand synthesis system (Invitrogen). All experiments were performed in triplicate with the cDNA synthesized from individual samples from the hens (n ¼ 3 for each time point). Gene expression levels were measured using SYBR Green (Biotium, Hayward, CA) and a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was analyzed simultaneously with the control and used for normalization of data as its expression is considered to be most stable among the house-keeping genes commonly used to account for variation among samples [11, 12] . Each target gene and GAPDH gene was analyzed in triplicate. Using the standard curve method, we determined expression of the examined genes by using the standard curves and cycle threshold (C t ) values and normalized them using GAPDH expression. PCR conditions were 948C for 3 min, followed by 40 cycles at 948C for 20 sec, 608C for 40 sec, and 728C for 1 min, using a melting curve program (increasing the temperature from 558C to 958C at 0.58C per 10 sec) and continuous fluorescence measurement. ROX dye (Invitrogen) was used as a negative control for the fluorescence measurements. Sequence-specific products were identified by generating a melting curve in which the C t value represented the cycle number at which a fluorescent signal was statistically greater than that of background, and relative gene expression was quantified using the 2 ÀDDCt method [10] . For the control, the relative quantification of gene expression was normalized to the C t value for the control oviduct. Information for the primer sets is provided in Table 1 .
In Situ Hybridization Analysis
For hybridization probes, PCR products were generated from cDNA with the primers used for RT-PCR analysis. The products were extracted from the gel and cloned into pGEM-T vector (Promega). After sequences were verified, plasmids containing gene sequences were amplified with T7-and SP6-specific primers (5 0 -TGT AAT ACG ACT CAC TAT AGG G-3 0 for T7; and 5 0 -CTA TTT AGG TGA CAC TAT AGA AT-3 0 for SP6). Then, digoxigenin (DIG)-labeled RNA probes were transcribed using a DIG RNA labeling kit (Roche Applied Science, Indianapolis, IN). Information for the probes is provided in Table 2 . Tissues were collected and fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 lm using 3-aminopropyltriethoxysilane-treated (silanized) slides. The sections were then deparaffinized in xylene and rehydrated using diethylpyrocarbonate (DE-PC)-treated water through a graded alcohol series. The sections were treated with 1% Triton X-100 in PBS for 20 min and washed twice in DE-PC-treated PBS. After being washed in DE-PC-treated PBS, the sections were digested using 5 lg/ml proteinase K (Sigma) in TE buffer (100 mM Tris-HCl, 50 mM EDTA, pH 8.0) at 378C. After postfixation in 4% paraformaldehyde, sections were incubated twice for 5 min each in DE-PC-treated PBS and incubated in TEA buffer (0.1M triethanolamine) containing 0.25% (v/v) acetic anhydride. The sections were incubated in a prehybridization mixture containing 50% formamide and 43 standard saline citrate (SSC) for at least 10 min at room temperature. After prehybridization, the sections were incubated overnight at 428C in a humidified chamber in a hybridization mixture containing 40% formamide, 43 SSC, 10% dextran sulfate sodium salt, 10mM dithiothreitol, 1 mg/ml yeast tRNA, 1 mg/ml salmon sperm DNA, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.2 mg/ml RNase-free bovine serum albumin, and denatured DIG-labeled cRNA probe. After hybridization, sections were washed for 15 min in 23 SSC at 378C, then for 15 min in 13 SSC at 378C, the for 30 min in NTE buffer (10 mM Tris, 500 mM NaCl, and 1 mM EDTA) at 378C, and then for 30 min in 0.13 SSC at 378C. After sections were blocked with 2% normal sheep serum (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), they were incubated overnight with sheep anti-DIG antibody conjugated to alkaline phosphatase (Roche, Indianapolis, IN). The signal was visualized following exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 mM nitroblue tetrazolium, and 2 mM levamisole (Sigma Chemical Co., St. Louis, MO).
Statistical Analyses
Data for quantitative PCR were subjected to ANOVA according to the general linear model (PROC-GLM) of SAS software (SAS Institute, Cary, NC) JEONG ET AL.
to determine whether effects of time postovulation were significant. Data are presented as means 6 SEM, unless otherwise stated.
RESULTS
Gene Expression Is Altered in the Oviduct at Each Time Point After Ovulation
Microarray analysis identified significant differences in various transcripts from magnum and shell glands of the oviduct at 3 h and 20 h after ovulation in chickens (Supplemental Fig. S1 and Supplemental Tables S1, S2; all supplemental data are available online at www.biolreprod.org). A quantitative-PCR (q-PCR) analysis was performed to validate the effects of each time point on selected genes from the microarray analyses, including acid phosphatase 1, tartrate resistant (ACP1), calbindin 1 (CALB1), retinoic acid degrading enzyme CYP26 (CYP26A1), proenkephalin (PENK), regulator of calcineurin 1 (RCAN1), and secreted phosphoprotein 1 (SPP1) in each oviductal segment at 3 h and 20 h after ovulation. As illustrated in Figures 1 and 2 , expression of CALB1, CYP26A1, PENK, and SPP1 mRNAs was not different (P . 0.05) between 3 h and 20 h in the magnum; however, RCAN1 mRNA levels increased 1.4-fold (P , 0.001), and ACP1 mRNA levels decreased 0.6-fold (P , 0.001) in the magnum between 3 h and 20 h postovulation.
In the shell gland, expression of ACP1, CALB1, CYP26A1, PENK, RCAN1, and SPP1 mRNAs increased 1.5-fold (P , 0.001), 9-fold (P , 0.001), 11-fold (P , 0.001), 26-fold (P , 0.01), 10-fold (P , 0.001), and 22-fold (P , 0.05), respectively, between 3 h and 20 h postovulation. Changes in expression levels of the five genes revealed by q-PCR analysis were consistent with changes detected by microarray analysis (Table 3) .
Cell-specific localization of mRNAs of the selected genes in the magnum and shell glands of the oviduct was assessed by in situ hybridization analysis. Cell-specific differences in expression of the validated genes were observed within the magnum and shell glands of the chicken oviduct. ACP1, CALB1, CYP26A1, PENK, RCAN1, and SPP1 expression levels were weak in the magnum of the oviduct at both 3 h and 20 h postovulation ( Fig. 3 and 5) . However, as illustrated in Figures  4 and 6 , all mRNAs were localized predominantly in the GE of the shell gland at 20 h after ovulation and, to a lesser extent, in GE of the magnum at 3 h postovulation. In addition, CYP26A1 mRNA was abundant in magnum GE at 3 h.
Functional Categories of Oviductal Genes Were Altered Significantly at 3 Hours and 20 Hours After Ovulation
In the magnum and shell glands between 3 h and 20 h after ovulation, gene ontology analysis revealed genes enriched in
Comparison of relative expression levels of ACP1, CALB1, and CYP26A1 mRNAs, which changed significantly in the oviduct of hens during the egg laying cycle, based on quantitative RT-PCR analyses. Expression of the ACP1 mRNA level decreased (P , 0.001) and CALB1 and CYP26A1 mRNA levels were not different (P . 0.05) between 3 h and 20 h in the magnum. In contrast, expression of those mRNAs increased in the shell gland between 3 h and 20 h postovulation (P , 0.001). Each bar represents the means 6 SEM of three independent experiments. Asterisks denote effects that were significant (***P , 0.001).
FIG. 2.
Comparison of relative expression of PENK, RCAN1, and SPP1 mRNAs, which changed significantly in the oviduct of hens during the egg laying cycle based on quantitative RT-PCR analyses. Expression of PENK and SPP1 mRNAs was not different (P . 0.05), but expression of RCAN1 mRNA increased (P , 0.001) between 3 h and 20 h in the magnum. In contrast, those mRNA levels increased in the shell gland at 20 h postovulation (P , 0.05 to P , 0.001). Each bar represents the means 6 SEM of three independent experiments. Asterisks denote effects that were significant (***P , 0.001, **P , 0.01, or *P , 0.05).
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and involved in physiological/developmental system, molecular and cellular function, and disease/disorder categories (Supplemental Fig. S2 , and Supplemental Tables S3 and S4 ). In the physiological system development and function category, genes are associated with tissue development, connective tissue development, skeletal and muscular system development, embryonic development, cardiovascular system development, organismal survival/development and nervous system development (Supplemental Fig. S2A and S2D ). In the category of molecular and cellular functions, genes that changed were related to cellular growth and proliferation, cell death, gene expression, cellular movement, protein synthesis, and posttranslational modification (Supplemental Fig. S2B and  S2E) . Furthermore, as illustrated in Supplemental Figure S2C and S2F, many genes were also in the disease and disorders category: genetic disorder, cancer, neurological disease, skeletal and muscular disorders, reproductive system disease and gastrointestinal disease.
DISCUSSION
In the present study, our high-throughput analysis identified candidate genes that potentially regulate production and secretion of egg-white proteins, assembly of egg shell membranes, and formation of an egg during its passage through specific segments of the oviduct of chickens. Results of the present study revealed cell-specific and temporal differences in expression of selected candidate genes in the magnum and shell glands of the oviduct during the different stages of the ovulation-to-oviposition cycle of laying hens and provided novel insights into changes at the molecular and JEONG ET AL. cellular levels of candidate genes related to formation of the egg and oviposition. In the present study, q-PCR and in situ hybridization analyses validated expression of selected genes at each time point in each tissue postovulation including ACP1, CALB1, CYP26A1, PENK, RCAN1, and SPP1. These six candidate genes were chosen because they are related to egg formation or oviposition in chickens by regulating production and secretion of egg-white proteins, assembly of egg shell membranes, and/ or formation of the calcified egg shell. The temporal and cellspecific expression levels of these genes suggests that they are novel genes associated with changes in the egg-laying cycle and that they have important roles in the reproductive system of hens. In situ hybridization is widely used to determine temporal and cell-specific changes in expression of mRNAs in tissues; therefore, we compared the expression levels of specific mRNAs at 3 h and 20 h postovulation in the oviduct of the hens. Results of in situ hybridization also provided a link between differential expression and function of selected genes and served to validate overall results from the microarray analysis and q-PCR.
The Ca þ2 -binding (CALB1) protein is found at high concentrations in intestine and shell gland of birds [13, 14] . This protein contains four active Ca þ2 -binding domains and two modified domains without Ca þ2 -binding capacity and acts as a Ca þ2 buffer/sensor holding four molecules of Ca þ2 in the elongation factor (EF)-hands, which is a helix-loop-helix structural domain found in a large family of Ca þ2 -binding proteins of loops EF1, EF3, EF4, and EF5 [14] . In chickens, a large amount of Ca þ2 carbonate is deposited in the shell gland and transferred into the egg shell along with high concentrations of CALB1 during the period of egg shell formation [14, 15] . In this study, CALB1 mRNA increased approximately 9-fold (P , 0.001) in the shell gland at 20 h after ovulation (Fig.  2) . These results confirm a previous report that the concentration of CALB1 mRNA in the shell gland of laying hens is low 4 h after ovulation and increases markedly by 12 h and 18 h later when shell calcification takes place [15] . In addition, a decline in egg shell density in aged hens is likely caused by a physiological deficiency in Ca þ2 or by a defect in the hens' ability to alter CALB1 synthesis in response to the demand for Ca þ2 [15, 16] . Results of the present study and previous reports indicate that CALB1 plays an essential role in calcification of the egg shell before oviposition.
The second gene of interest, CYP26A1, is a member of the cytochrome P450 superfamily of enzymes that regulate gene expression in both embryonic and adult tissues under tight control of cellular concentrations of retinoic acid, which is an active metabolite of vitamin A and is essential to cell signaling cascades during the period of vertebrate development [17, 18] . It is also involved in the synthesis of biomaterials such as cholesterol, steroids, and some lipids [19, 20] . Indeed, Cyp26a1 null mice die just before parturition and exhibit many defects and disorders such as caudal regression, hindbrain patterning defects, and vertebral malformations [21, 22] . However, little is known about the expression and functional role of CYP26A1 in the chicken oviduct. In the present study, expression of CYP26A1 mRNA was weak in the magnum after ovulation but increased significantly in GE of the shell gland at 20 h after ovulation. These results suggest that the well-organized spatial and temporal expression patterns of retinoic acid-related enzymes provide combinatorial effects 
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that mediate morphological remodeling of tissues during the egg-laying cycle.
Another gene of interest in the present study was proenkephalin (PENK). Neuropeptides are potent regulators of a variety of biological processes, including growth, development, reproduction, memory and behavior [23] . Enkephalin is a member of opioid peptide family that includes endorphins and dynorphins that are translated from the PENK gene as Met-enkephalin and Leu-enkephalin and bind to opioid receptors in the central nervous system and in peripheral tissues [24] . Indeed, enkephalins are detected in the extra-central nervous system . For example, human PENK mRNA has been detected in esophagus, gastrointestinal tract, pancreas, and gallbladder [25] , and chicken enkephalins have been detected in lumbar spinal cord and thyroid C cells [26, 27] . In addition, endogenous enkephalins have been identified in female reproductive components such as ovaries, uterus, and follicular fluid of several animal species including rats, hamsters, cows, pigs, rabbits, and women [28] [29] [30] [31] [32] . In the present study, we identified, for the first time, PENK mRNA in the chicken oviduct. PENK mRNA increased over 20-fold in the shell gland at 20 h after ovulation, based on both microarray and q-PCR analyses, and was abundant in the GE of the shell gland at 20 h postovulation. It may serve to reduce pain associated with oviposition; however, further studies are needed to assess the functional role(s) of the PENK gene in female reproductive organs.
We found that RCAN1 expression increased in the shell gland at 20 h after ovulation. Calcineurin, a calcium-dependent serine-threonine phosphatase, plays essential roles in many important biological events. Indeed, RCAN1 is a member of the RCAN family of genes previously known as mammalian DSCR1, MCIP1, Calcipressin1 and Adapt78 [33] . In humans, the RCAN1 gene consists of seven exons on chromosome 21, known as the Down syndrome critical region, and transcribes different alternatively spliced isoforms [34, 35] . RCAN1 is involved in various physiological and pathological procedures such as attenuation of carcinogenesis and angiogenesis, inhibition of cardiac hypertrophy, mast cell function, and Alzheimer disease [33, 34, [36] [37] [38] , and it activates protein kinase A-mediated cAMP response element-binding protein (CREB), signaling through inhibition of calcineurin activity [39] . Furthermore, calcineurin is activated in uteri of pregnant mice at term [40] . In the present study, RCAN1 mRNA increased at 20 h postovulation in the shell gland, suggesting that RCAN1 may play an important role in signal transduction of calcineurin and its regulator during egg formation and oviposition.
The fifth gene of interest, SPP1, also known as osteopontin, encodes a highly phosphorylated sialoprotein that is an essential component of most mineralized structures in biology such as bones, teeth, and cartilage [41] . SPP1 was originally isolated from bones of rats [42] , and the gene has seven exons on chromosome 4q13 in humans and on chromosome 5 in mice. SPP1 has a polyaspartic acid sequence and a highly conserved RGD (Arg-Gly-Asp) motif [41, 43] . In chickens, SPP1 is secreted by the shell gland of the oviduct of laying hens for egg shell calcification [44] . Of particular note, chicken SPP1 has seven of nine consecutive residues of aspartic acid, an RGD integrin recognition motif, and four recognition sequences for phosphorylation with the greatest similarity to mammalian SPP1 [45, 46] . In addition, chicken SPP1 is temporally associated with eggshell mineralization in a phosphorylation-dependent manner and physical distension of the shell gland with passage of the egg [47, 48] . However, unlike previous reports [44, 49, 50] , we found abundant levels of SPP1 mRNA in GE of the shell gland.
The sixth gene of interest was ACP1. Purple acid phosphatases (mammalian enzymes known as type 5 tartrate resistant acid phosphatases [ACP5]) are a diverse group of binuclear metallohydrolases identified and characterized in plants, animals, fungi, and a few bacteria [51] . Their characteristic purple color is due to a tyrosine-to-ferric iron charge transfer transition [52] . Surprisingly, the ACP5 gene is not present in the chicken genome. Rather, ACP1 has the highest homology to mammalian ACP5 and belongs to the low-molecular-weight phosphotyrosine protein phosphatase family [53] , but there are no reports of functional aspects of chicken ACP1. The secreted proteins of pig uterine GE are enriched in ACP5 (initially named uteroferrin) that exists as a heterodimer with one of the three ACP5-associated proteins [54] . Porcine ACP5 transports iron from uterine GE across the placental areolae and into the fetal circulation, where it used in the formation of hemoglobin in erythrocytes of fetal pigs [54] , and it is also a hematopoietic growth factor [55] . In humans with spondyloenchondrodysplasia and various autoimmune phenotypes, haplotype data and linkage analysis studies revealed biallelic mutations in the ACP5 gene and loss of expressed ACP5 [56] . Because ACP5 can alter the phosphorylation status of SPP1, mutations in the ACP5 gene appear to lead to hyperphosphorylated SPP1 and increases in circulating levels of interferon alpha (IFNA) in individuals with spondyloenchondrodysplasia due to dysregulated bone mineralization, as well as abnormal brain calcifications associated with neurologic symptoms [57] . It was further suggested that excessive intracellular hyperphosphorylated SPP1 leads to production of IFNA by plasmacytoid dendritic cells via tolllike receptor 9-mediated signaling that may lead to lupus-like autoimmunity through a variety of mechanisms [57] . Results of the present study are the first to indicate expression of avian ACP1 in both the magnum and shell gland of the chicken oviduct at 3 h and 20 h postovulation. Incorporation of both ACP1 and SPP1 into egg-white proteins may affect the degree of phosphorylation of SPP1 during development of bone during embryonic development prior to hatching. Also, the coordinate increases in ACP1 and SPP1 in the shell gland between 3 h and 20 h postovulation suggest that ACP1 could affect the phosphorylation status of SPP1 and calcification of the egg shell.
Collectively, results of the present microarray study represent part of a continuing effort to identify candidate genes that regulate events during the ovulation-oviposition cycle in the oviduct of laying hens. Moreover, the genes identified in this study point to the need for studies of mechanisms for egg formation and oviposition under complex regulation of steroid hormones and other hormones, growth factors, and other regulatory molecules in laying hens. Further research is required to fully understand the roles and functions of these genes in the context of functional aspects of the avian female reproductive tract.
